Ti-B-C nanocomposite coatings with a B content of 8-17 at. %, have been deposited by 10 magnetron sputtering from B 4 C, Ti, and C targets. X-ray diffraction, photoelectron 11 spectroscopy, and electron microscopy show that the coatings consist of nanocrystalline 12 (nc) TiC:B embedded in a matrix of amorphous (a) C, BC x ,TiO x and BO x . The fraction of 13 amorphous phase scales with the Ti concentration, where the matrix predominantly 14 consists of free C with some BC x in coatings with a C/Ti ratio >1, while the matrix 15 predominantly consists of BC x with some free C in coatings with a C/Ti ratio <1. Nc-16
Introduction

22
Ti-B-C-based composite coatings have been studied for tribological applications [1, 2, 3, 4] , 23 in which B increases the hardness and the wear resistance of TiC. The Ti-B-C ternary 24 phase diagram contains TiC, TiB 2 , and C. Thus, the selection of composition in the 25 composite can give a trade-off between the lubricating amorphous C and probable BC x 26 phase [5] for good mechanical properties [1, 2, 3, 4] and the hard, but also the conductive 27
TiC/TiB 2 phases [6, 7, 8] , for good electrical properties. Earlier work on Ti-B-C sputtered 28 coatings has suggested that B can be incorporated into TiC [6] or that nc-TiC is 29 embedded in a quasi-amorphous TiB 2 phase [1, 2] at low B content. For high B contents, 30 C may be incorporated into TiB 2 [6, 9, 10] or nc-TiB 2 may be embedded in a quasi-31 amorphous TiC phase [1, 2] . Similar to the Ti-B-N system [ 11 ] an equiaxed 32 nanocrystalline structure can be expected for Ti-B-C coatings due to a segregation-driven 33 renucleation process, and that the coatings contain TiC (TiN) and TiB 2 as the 34 thermodynamically favorable phases. The excess B would segregate to the grain surface 35 and quench crystal growth. The above structure/property-design possibilities in the Ti-B-36 C system make its coatings interesting for electrical contact applications. 37 Today, noble metals are the most commonly used materials in electrical contacts since 38 they have low resistivity and contact resistance, combined with chemical stability [12, 13] . 39 The high prices and the low wear resistance in some environments motivate 40 investigations of new electrical contact materials with good electrical properties, but with 41 better mechanical properties than the noble metals. TiC-based nanocomposite materials, 42
A c c e p t e d M a n u s c r i p t 3 with hard nanocrystalline (nc) TiC embedded in a softer amorphous (a) matrix, e.g., a-C 43 or a-SiC, have been studied for electrical contact applications [14, 15, 16, 17] . 44
In the present study low B content Ti-B-C coatings were deposited to study the 45 correlation of the structure and the electrical properties. The as-deposited Ti-B-C coatings 46 are found to have lower contact resistance compared with Ti-Si-C-coatings; however, the 47 resistivity is increased. In particular C-rich coatings are interesting to retain both 48 lubricious and conductive phases. This together with that B improves the mechanical 49 properties of TiC, makes the Ti-B-C system interesting as an electrical contact material. 50 51
Experimental details
52
Ti-B-C coatings were deposited by balanced dc magnetron sputtering in an ultra high 53 vacuum deposition system [ 18 , 19 ] (base pressure below 6.5 x 10 -7 Pa) from two 54 conductive elemental targets (a 50 mm Ø Ti and a 75 mm Ø C) and one conductive 55 compound target (a 75 mm Ø B 4 C), in an Ar discharge. The targets were positioned 18 56 cm from the substrates, two of them at an angle of 35°, and the Ti facing them. Substrates 57 of Si and SiO 2 wafers (both 15x15x0.5 mm), steel (15x15x1 mm), and Ni-plated Cu-58 6wt.% Sn (15x15x1 mm) were put on a rotating substrate holder facing the targets. 59
During deposition, a constant dc bias of -50 V, a Ar pressure of 0.53 Pa (4 mTorr), and a 60 substrate temperature of 300 °C were applied. Six coatings were deposited with two 61 different B concentrations and three different C/Ti compositional ratios, respectively, 62 under constant-current conditions, see Table 1. The sample notation is made by  63 normalizing the Ti, B, and C contents.M a n u s c r i p t 4 X-ray diffraction (XRD) in gracing incidence (GI) mode with an incidence angle of 2° 65 was performed in a SIEMENS D5000 diffractometer using parallel beam geometry and a 66
Cu Kα x-ray source operating at 45 kV and 40 mA. Stress measurements using the sin 2 ψ-67 method were performed in a PANalytical Empyrean using Cu Kα x-ray source operating 68 at 45 kV and 40 mA. 69
Scanning electron microscopy (SEM) was performed in a LEO 1550 microscope. Cross-70 sectional images were acquired by using accelerating voltage of 10 kV with an Inlens 71 detector. Thickness measurements were done on coatings deposited onto Si substrates. at a recoil scattering angle of 45º [20] . The composition results were evaluated with the 87 CONTES code [21] . 88 M a n u s c r i p t 5 Room-temperature four-point-probe measurements were performed using a Jandel 89
Engineering instrument with a WC probe. To obtain the resistivity, the measured sheet 90 resistance was multiplied with the coating thickness obtained in the SEM. Contact 91 resistance was measured with a four-wire in-house setup described in [22] . A current of 1 92 mA is applied and the voltage drop is measured. The contact resistance is measured both 93 when the sample is loaded and unloaded by the Au probe. For comparison, the contact 94 resistance is also measured on a dc magnetron sputtered Ag reference sample. 95 Table 1 is an average of 5000 103 revolutions. 104 Table 1 coating has a compressive stress below 1 GPa, which excludes peak shifts caused by 126 stress. 127 Figure 2 shows the XPS spectra in three regions from the coatings. Figure 2a shows the 128 Ti2p region, where peaks from both Ti2p 3/2 and Ti2p 1/2 are observed at 455.0 eV, 459.1 129 eV, 461.0 eV, and 464.6 eV, corresponding to Ti-C and Ti-O bonds [24, 25] . Note that 130 with increased Ti content the fraction of Ti-O bonds decreases, and the peak at 455.0 eV 131 shifts to lower bonding energies, probably corresponding to Ti-B since B has lower 132 electronegativity than C. Figure 2b shows the C1s region, where two clear peaks areA c c e p t e d M a n u s c r i p t 7 observed at 282.0 and 284.5 eV, attributed to C-Ti and C-C bonds, respectively [14] . In 134 addition, there is intensity between these two peaks. It can be due to C-B bonds [26] , 135 which are expected if B is dissolved into TiC. However, it can also be due to an 136 interfacial contribution, C-Ti*, of C at a matrix/TiC interface described by Lewin et 137 al. [27, 28, 29] . It is difficult to clearly separate and fit the additional intensity in the C1s 138 peak to these two features, but one example is shown in the top spectrum in Figure 2b The hardness of the coatings is in the range of 10-16 GPa (see Table 1 ). Increased Ti 177 content increases the hardness of the coating; increased B content has no significant 178 effect on the hardness. 179
Results
105
A c c e p t e d M a n u s c r i p t Ti 49 B 10 C 40 coatings. Also, the typical XTEM overview image of the coatings (see Figure  216 3a), shows a columnar structure, from the extended growth of TiC as has been indicative 217 for TiC/C nanocomposite growth [15, 25] . In contrast, B-rich Ti-B-C coatings have a 218 more homogenous if not featureless structure as TiB 2 tends to form in the coatings [1, 11] . 219 220 Worth mentioning is also that with increased Ti and B content, B bonds to C, and the BC x 221 concentration increases in the amorphous matrix since the concentration of free C 222 decreases. This means that with increased Ti and B content the amorphous matrix that 223 first consist mostly of free C is replaced by BC x .M a n u s c r i p t with Ti-A-C-Ag (A = Si, Ge, Sn or Cu) nanocomposite coatings [34] and Ag against an 267
Au probe at loads of ~1 N. This is because a higher Ti content leads to higher 268 concentration of the crystalline phase, the phase that is the most conductive in this 269 material system. Increased B content for the corresponding coatings leads to higherM a n u s c r i p t 13 incorporation of B into the TiC:B, and lower resistivity and contact resistance, indicating 271 that TiC:B is more conductive than TiC. 272
Both TiB 2 (270 µΩ cm) and TiC (80 µΩ cm) coatings have lower resistivity than the Ti-273 B-C coatings [35, 36] , however, these coatings are too hard and brittle which leads to 274 increased contact resistance [15] . The resistivity for the Ti-B-C coatings are in general 275 also higher (~10 3 µΩ cm) than for Ti-A-C-Ag (A = Si, Ge, Sn or Cu) coatings (~10 2 µΩ 276 cm) [22] or for other comparable nanocomposites [37, 38, 39, 40] . However, the contact 277 resistance is comparable, and the contact resistance is just a factor ~5 larger than for Ag 278 against Ag, which is remarkable since the coatings contains ~16 at.% O. It is unclear how 279 much the O affects the electrical properties, but the O contamination is expected to 280 increase both the resistivity and the contact resistance significantly. Nevertheless, these O 281 containing Ti-B-C coatings have qualities as electrical contact material. 282
Mechanical properties
283
The hardness of the coatings is lower than for TiC [25] , and also lower than in earlier 284 reports on the hardness of Ti-B-C coatings [41, 42] , and it did not increase with the 285 incorporation of B, which was reported before [1, 2, 3, 4] . This is probably an affect off a 286 larger fraction of soft amorphous matrix in these coatings compared with [41, 42] . This 287 also explains the low coefficient of friction against steel, with values comparable to what 288 was published in [41] . The friction coefficients in these Ti-B-C coatings do not seem to 289 vary significantly, which means that the increased amount of free C did not improve the 290 tribological behavior. How large affect the incorporation of O into the coatings has on the 291 mechanical properties is unclear. That the coatings have a hardness of ~12 GPa is not a 292 drawback in an electrical contact application, it is harder than the noble metals, and has aM a n u s c r i p t 14 lower coefficient of friction compared with Ag against Ag (µ = 1.2) [22] , which make 294 these coatings promising as electrical contact material. 295 M a n u s c r i p t 367   368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399 M a n u s c r i p t M a n u s c r i p t M a n u s c r i p t
Conclusions
